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Lorentz invariance is the fundamental symmetry of Einstein’s theory of special relativity, and
has been tested to great level of detail. However, theories of quantum gravity at the Planck scale
indicate that Lorentz symmetry may be broken at that scale motivating further tests. While the
Planck energy is currently unreachable by experiment, tiny residual effects at attainable energies can
become measurable when photons propagate over sufficiently large distances. The Standard-Model
Extension (SME) is an effective field theory approach to describe low-energy effects of quantum
gravity theories. Lorentz and CPT symmetry violating effects are introduced by adding additional
terms to the Standard Model Lagrangian. These terms can be ordered by the mass dimension of
the corresponding operator, and the leading terms of interest have dimension d = 5. Effects of
these operators are a linear variation of the speed of light with photon energy, and a rotation of the
linear polarization of photons quadratic in photon energy, as well as anisotropy. We analyzed optical
polarization data from 72 AGN and GRBs and derived the first set of limits on all 16 coefficients of
mass dimension d = 5 of the SME photon sector. Our constraints imply a lower limit on the energy
scale of quantum gravity of 106 times the Planck energy, severly limiting the phase space for any
theory that predicts a rotation of the photon polarization quadratic in energy.
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I. INTRODUCTION
Lorentz invariance, the fundamental symmetry of Ein-
stein’s theory of special relativity, has been established by
many classic experiments, such as the Michelson-Morley
experiment [1], and since then been tested to a great
level of detail [2]. However, theories that attempt to
unify gravity and the Standard Model of particle physics
at the Planck scale (EP =
√
c5~/G ≈ 1.22× 1019 GeV),
imply that there may be deviations from Lorentz invari-
ance at these energies [3]. These predictions motivate
even more detailed tests of Lorentz invariance.
In the photon sector, violations of Lorentz invariance
can lead to an energy dependent vacuum dispersion and
birefringence, as well as an anisotropy of the vacuum [4].
At attainable energies, E  EP , any deviation from
Lorentz symmetry is expected to be very small. How-
ever, when photons travel over cosmological distances,
even tiny deviations accumulate resulting in potentially
measurable effects [3].
Vacuum birefringence leads to a wavelength-dependent
rotation of the polarization vector of linearly polarized
photons. Hence, broadband polarimetric observations of
astrophysical sources can be used to test Lorentz invari-
ance. Such measurements are generally more sensitive
than dispersion measurements by the ratio between the
period of the light wave and the resolution with which
the arrival times can be measured in a dispersion test,
see e. g. [5]. Note that the latter is usually limited by the
source dependent flux variability time scale which can
exceed the timing resolution of the detector by several
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orders of magnitude.
The Standard-Model Extension (SME) is an effective
field theory approach describing low-energy effects of a
more fundamental theory of physics at the Planck scale,
such as Lorentz and CPT violation [5, 6]. It considers ad-
ditional terms to the Standard Model Lagrangian, which
can be ordered by the mass dimension d of the corre-
sponding tensor operator. Photon dispersion introduced
by operators of dimension d is proportional to Ed−4, and
birefringence is proportional to Ed−3. All (d − 1)2 co-
efficients of odd d lead to both dispersion and birefrin-
gence, whereas for even d there is a subset of (d − 1)2
non-birefringent coefficients. In a previous paper, we
provided the first complete set of constraints on all non-
birefringent coefficients of d = 6 using Fermi observations
of AGN light curves [7]. In this paper, we use optical po-
larization measurements to fully constrain the coefficients
of d = 5 setting lower limits on the energy where bire-
fringence due to Lorentz-invariance violation becomes ef-
fective well beyond EP .
Very tight constraints on the isotropic Lorentz-
invariance violating (LIV) parameters of d = 5, as well as
linear combinations of the anisotropic parameters, have
been derived from x-ray polarization measurements of
GRBs [8, 9]. These limits, however, suffer from a rela-
tively low statistical confidence of the polarization mea-
surements and large systematic uncertainties. Studies
of Cosmic Microwave Background (CMB) polarization
data provide strong constraints that do not have these
issues and are sensitive to some of the anisotropic pa-
rameters [10].
As mentioned above, dimension 5 terms also lead to
photon dispersion. The tightest constraint on linear vari-
ations of the speed of light has been derived from time-
of-flight measurements of GRB 090510 with the Fermi
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2satellite [11], placing a lower limit on the relevant en-
ergy scale of quantum gravity at 1.22EP . This limit is
not competitive in the SME framework. However, there
are certain theories, such as Doubly-Special Relativity
(DSR, [12], however, see Sec. IV.F.3 of Ref. [5] for a cri-
tique of DSR), that cannot be described in the effective
field theory framework.
Optical polarization measurements are highly sensitive
and exist for a sufficient number of sources in the sky to
allow a spherical decomposition and, hence, to individ-
ually constrain all d = 5 parameters of the SME pho-
ton sector. We have studied optical polarization from
72 AGN and GRB afterglows and found constraints on
each of the 16 parameters of d = 5 that are stronger than
those derived from CMB polarization.
This paper is structured as follows: Section II gives
an overview of the mathematical framework of vacuum
birefringence due to Lorentz-invariance violation in the
Standard-Model Extension. Section III details the meth-
ods used in this analysis, which build on this framework.
Section IV lists constraints on vacuum birefringence ob-
tained in the present analysis, and we derive constraints
on the Lorentz-invariance violating parameters of the
Standard-Model Extension. Section V summarizes our
findings.
II. VACUUM BIREFRINGENCE IN THE
STANDARD-MODEL EXTENSION
In the Standard-Model Extension the vacuum photon
dispersion relation can be written as [5]
E(p) '
(
1− ς0 ±
√(
ς1
)2
+
(
ς2
)2
+
(
ς3
)2)
p. (1)
An expansion in mass-dimension and spherical harmonics
yields for photons of momentum p arriving from direction
(θk, ϕk):
ς0 =
∑
djm
pd−4Yjm(θk, ϕk)c
(d)
(I)jm, (2)
ς± = ς1 ± ς2
=
∑
djm
pd−4 ∓2Y jm(θk, ϕk)
(
k
(d)
(E)jm ∓ ik(d)(B)jm
)
, (3)
ς3 =
∑
djm
pd−4Yjm(θk, ϕk)k
(d)
(V )jm, (4)
where k(d)(V )jm represents sets of (d − 1)2 CPT-odd coef-
ficients, which are non-zero only for odd d. The other
coefficients are CPT-even and non-zero only for even
d. Hence, in the lowest-order non-minimal SME with
d = 5 there are 16 complex coefficients k(5)(V )jm describing
Lorentz invariance violation in the photon sector. Since
ς3 must be real,
k
(d)
(V )j−m = (−1)m
(
k
(d)
(V )jm
)∗
, (5)
leading to a total of 16 real parameters.
Non-zero values of these parameters will result in an
energy, direction and polarization dependence of the pho-
ton velocity in the vacuum. The latter leads to a bire-
fringence of the vacuum. The polarization angles of two
photons observed at energies E1 and E2 emitted at red
shift zk which initially have the same polarization angle
will differ at present by [8]
∆ψ = (E21 − E22)L(5)zk
∑
j=0...3
m=−j...j
Yjm(θk, ϕk)k
(5)
(V )jm
≡ (E21 − E22) ζ(5)k ,
(6)
where L(5)zk =
∫ zk
0
(1 + z)/Hz dz and
Hz = H0[Ωr(1+z)
4+Ωm(1+z)
3+Ωk(1+z)
2+ΩΛ]
1
2 (7)
with the present day Hubble constant H0 =
67.11 km s−1 Mpc−1 = 1.43× 10−42 GeV, Ωr = 0.015,
Ωm = 0.317, ΩΛ = 0.686, and Ωk = 1 − Ωr − Ωm − ΩΛ.
We introduce the parameter ζ(5)k , which is constrained by
the observations. Hence, a measurement of ∆ψ allows to
contrain a linear combination of the k(5)(V )jm.
Spectropolarimetric measurements allow direct appli-
cation of Eq. (6). The main difficulty is then to con-
strain the rotation angle caused by Lorentz-invariance
violation, ∆ψLIV, in the presence of a possible source in-
trinsic rotation ∆ψsource. This procedure is described in
Section IIIA.
When integrating over an energy range E1 . . . E2, on
the other hand, one makes use of the fact that a large
polarization swing over this energy range would essen-
tially cancel out any observable polarization. The analy-
sis of spectrally integrated polarization measurements is
described in detail in Section III B.
III. METHODS
A. Spectropolarimetric measurements
In our analysis we made use of a large sample of pub-
licly available spectropolarimetric measurements of Ac-
tive Galactic Nuclei (AGN) [13] covering observer frame
wavelengths between 4000Å and 7550Å. From this sam-
ple we selected distant sources with redshift z > 0.6. We
fit the polarization angle of each measurement that re-
sulted in a polarization fraction P > 10 % with a linear
function,
ψ(λ) = ρk λ+ C, (8)
in the wavelength interval 4500Å ≤ λ < 7000Å in order
characterize the change of the polarization angle within
this range. We use a linear fit, instead of a quadratic
function as one would expect from Eq. (6), since the small
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FIG. 1. Rotation of the polarization vector in the wave-
length range 450 nm to 700 nm according to Eq. (8) for
AGN with z < 0.4 in the Steward Observatory sam-
ple [13]. The fit parameters are: C = 720± 25, B =
(0.58± 0.16)× 10−4, σ1 = (5.17± 0.15)× 10−4 deg/Å, σ2 =
(1.88± 0.29)× 10−2 deg/Å. We used a binned log-likelihood
fit that correctly takes into account empty bins. As a measure
of the goodness of fit, we calculated the chi-squared using a
weight of 1 for empty bins, resulting in χ2/Ndf = 73/155.
bandwidth is not sufficiently sensitive to any curvature
in the parametrization.
In order to determine whether there is a significant
influence on ψ due to Lorentz invariance violation, we
compare the distribution of fit parameters ρk from each
source with values obtained from “nearby” sources. As a
control sample, we use the distribution of ρ values from
all polarization measurements with P > 10 % of sources
with z < 0.4. This sample consists of the following 16
objects: 3C 66A, BL Lac, MG1 J021114+1051, Mrk 421,
OJ 287, ON 325, PKS 0736+01, PKS 1222+216, PKS
1510–08, PKS 2155–304, PKS 2233–148, PMN J0017–
0512, S3 1227+25, S4 0954+658, S5 0716+714, and W
Comae. The resulting distribution and its parametriza-
tion, f(ρ), are shown in Fig. 1.
It should be noted that the source classes of dis-
tant and nearby objects are not identical. Almost
all distant sources are flat-spectrum radio quasars (FS-
RQs), with the only exception being the BL Lac SDSS
J084411+5312. The majority of nearby AGN, on the
other hand, are BL Lac-type sources. This is due to a
well-known observational bias: BL Lacs are more abun-
dant but generally weaker than FSRQs [14]. Reproduc-
ing Fig. 1 for the two source classes individually resulted
in no significant difference in the parameter σ1 of f(ρ).
There are not enough data points in the individual dis-
tributions to constrain the parameter σ2. We, therefore,
argue that this difference in source population will not
have a significant influence on the search for Lorentz in-
variance violation.
We use the parametrization f(ρ) to define the loga-
rithm of the likelihood ratio,
Λk(ρL) = Lk(ρL)− Lk(0) (9)
with
Lk(ρ) =
Nk∑
i=1
ln(f(ρk,i − ρ)), (10)
where the sum runs over all Nk polarization measure-
ments ρk,i from the kth source. The LIV-induced rota-
tion of the polarization angle is given by
ρL =
∆(E2)
∆λ
ζ
(5)
k (11)
with
∆(E2) =
(
hc
λ2
)2
−
(
hc
λ1
)2
(12)
and the bandwidth ∆λ = 2500Å. We reject a given value
ρL at the 95 % confidence level if Λk ≤ ηL for ηL chosen
such that the probability P (Λk ≤ ηL|ρL) = 0.05 under
the assumption that there is an LIV-induced rotation ρL.
This probability, and hence the value of ηL that must be
chosen, depends on the value of ρL and the number of
measurements Nk. We find this value using Monte Carlo
integration by generating 105 data sets each consisting of
Nk measurements of ρ randomly drawn from the distri-
bution f(ρ− ρL) for a given value ρL.
Upper and lower limits ρ(k)L,min/max are then deter-
mined from the observations of the kth source by find-
ing the smallest value ρ(k)L,max > 0 and the largest value
ρ
(k)
L,min < 0, for which Λk(ρ
(k)
L ) ≤ ηL. These constraints
can directly be converted into limits on the LIV param-
eter ζ(5)k using Eq. (11).
Note that our method is conservative in the sense that
Lorentz invariance violations in the nearby source sam-
ple lead to a broader f(ρ) distribution, and thus lead to
weaker upper limits.
B. Spectrally integrated polarization
measurements
When integrating over an energy range E1 . . . E2 in
a polarization measurement, the observed polarization
will essentially vanish if ∆ψ > pi across the observed
energy range, independent of the polarization fraction
at the source. This has been used in Ref. [8] to derive
constraints on the linear combinations of k(5)(V )jm from
gamma-ray polarization measurements of GRBs. The
problem with this approach is that the observed po-
larizations may not cancel entirely due to an energy-
dependence of the photon detection efficiency and the
photon spectrum of the source, leading to a residual po-
larization fraction.
Assuming a non-zero parameter ζ(5)k , an upper limit
on the observable polarization in the presence of Lorentz
invariance violation can be calculated by integrating the
induced rotation of the polarization angle, Eq. (6), over
4the bandwidth of the filter. Assuming a 100% polarized
source leads to the following values of the Stokes param-
eters describing linear polarization:
I =
E2∫
E1
T (E) dE, (13)
Q(ζ
(5)
k ) =
E2∫
E1
cos
(
2ζ
(5)
k (E
2 − E21)
)
T (E) dE, (14)
U(ζ
(5)
k ) =
E2∫
E1
sin
(
2ζ
(5)
k (E
2 − E21)
)
T (E) dE, (15)
where T (E) is the transmissivity of the filter used for the
observation as a function of photon energy, E = hc/λ.
The integrand of Q(ζ(5)k ) is illustrated in Fig. 2 for the
RINGO “V+R” filter [15]. In principle, one has to con-
sider the photon spectrum F (E) in addition to the trans-
missivity. However, due to the relatively flat optical
spectra and narrow bandwidths considered here, this will
have only a minor effect. The source spectra were, thus,
neglected in order to simplify the analysis.
From these equations follows the upper limit on the
observable polarization:
Pmax(ζ
(5)
k ) =
√
Q2(ζ
(5)
k ) + U
2(ζ
(5)
k )
I
. (16)
The filter transmission curves used in the measurements
which comprised the analysis presented here and re-
sulting maximum observable polarization values, Pmax
are shown in Fig. 3. We chose the integration range
E1 = 1.2 eV and E2 = 2.8 eV, broad enough for all fil-
ters. Filters with a broader bandwidth clearly result in a
smaller net polarization. The relatively flat-top Rspecial,
V+R, and HOWPol V-band filters result in fringes in the
Pmax curves with minima where ∆ψ(ζ
(5)
k ) is a multiple
of pi over the bandwidth of the filter.
A measurement of the polarization fraction Pk from
the kth source can then be converted into a limit on ζ(5)k
by finding the largest value of |ζ(5)k,max|, which allows a
polarization fraction Pmax > Pk − 2σk, where σk is the
uncertainty of the polarization measurement.
C. Combining multiple measurements to constrain
anisotropic Lorentz invariance violation
The limits on ζk found using the methods described in
the previous sections can be converted into constraints
on linear combinations of the SME parameters k(5)(V )jm
using the definition of ζ(5)k :
γk,max =
ζ
(5)
k,max
L
(5)
zk
. (17)
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FIG. 2. Change of the Stokes parameter q = cos(2∆ψ) ac-
cording to Eq. (6) as a function of wavelength folded with
the transmissivity of the RINGO “V+R” filter [15] for a few
representative values of ζ(5)k .
Since there are 16 real components comprising the
SME parameters k(5)(V )jm, we use polarization measure-
ments fromN ≥ 16 photon arrival directions, i. e. sources
in the sky. This results in a linear system of inequalities
derived from Eq. (6):∣∣∣∑
jm
Yjm(θk, ϕk)k
(5)
(V )jm
∣∣∣ < γk,max. (18)
Constraints on the independent components v(5)i of
k
(5)
(V )jm can be found using a linear least-squares fit, where
θk and ϕk are the independent variables, γk = 0±σk with
σk = γk,max/1.96 are the measurements, and v
(5)
i are the
parameters of the fit. The covariance matrix of these
parameters is then given by [21]:
V(v) = (HTV(γ)H)−1, (19)
where H is the coefficient matrix derived from Eq. (18)
andV(γ) = diag(σ2k) is the covariance matrix of the mea-
surements. Limits on the components v(5)i of k
(5)
(V )jm at
the 95 % confidence level are then given by the diagonal
elements of V(v): 1.96×√Vii(v).
IV. RESULTS
In this section we provide the constraints on the
energy-dependent rotation of the linear polarization di-
rection derived in this work. Figure 4 shows a skymap of
all sources studied in this paper. It is obvious, that the
distribution is not uniform in the sky, but favors small
declinations |δ| < 45◦. This bias is, amongst others, due
to the difficulty of observing extragalactic sources near
the galactic plane, which fills more area near the celes-
tial poles than the equator.
We selected all spectropolarimetric observations of
sources with redshift z > 0.6 during which a polarization
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FIG. 3. Top: Transmissivity of the filters used for the po-
larization measurements which were used for the analysis in
this work [15–20] (note that RINGO and RINGO2 use the
same filter). Bottom: Upper limit on the observable net po-
larization according to Eq. (16) when using these filters as a
function of the parameter ζ(5)k defined in Eq. (6).
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FIG. 4. Skymap with all sources used in this analysis. In this
paper we derive constraints on Lorentz-invariance violating
parameters from optical polarization measurements of GRB
afterglows and AGN. The blue circles are AGN selected from
the Steward Observatory spectropolarimetric monitoring pro-
gram [13] and the green triangles are sources from the catalog
by Sluse et al. [22]. Optical GRB afterglow polarization mea-
surements were collected from various sources [23–32].
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FIG. 5. Rotation parameter ρ as a function of the distance
measure Lz obtained from all sources in the Steward Obser-
vatory AGN monitoring program used in this analysis. Two
objects (shown in red) appear to exhibit a source-intrinsic
spectral variation of the polarization angle as we argue in the
text. They have been removed from the fit, resulting in the
thick blue curve.
fraction P > 10 % was observed in the Steward Observa-
tory AGN monitoring program. During cycles 1–7 of the
program 27 sources fulfilled these criteria. Following the
procedure described in Section IIIA, we derived limits on
ζ
(5)
k and γk for all sources. All sources and corresponding
limits are listed in Table I.
As an additional check, we show the redshift depen-
dence of the average rotation parameter ρ for each source
in Fig. 5. Each point in this figure corresponds to the
weighted average value from all observations of a source.
The error bars have been corrected by incorporating the
variance of the measurements to account for variations
of ρ for a single source.
We used a simple linear fit to test for the existence
of a redshift dependent trend and find a ∼3σ devia-
tion from zero. However, the fit quality is rather poor,
and we found that this result is entirely dominated by
two objects: 3C 66A and SDSS J084411+5312. Re-
moving the corresponding data points significantly im-
proves the fit quality, while the uncertainty on the slope
does not change. This indicates that these two points
do not follow the same linear trend as all other data
points. Since Lorentz-invariance violation is universal,
we conclude that these two results must be due to source-
intrinsic effects, which justifies their removal from the
fit. We then find a slope of the linear fit of ρ/Lz =
(3.0±41.5)×10−50 GeV/Å. This result can be converted
into a limit on isotropic Lorentz invariance violation us-
ing Eq. (6): |k(5)(V )00| < 1.7× 10−27 GeV−1 at the 95 %
confidence level and assuming that all other k(5)(V )jm are
zero. This constraint is not competitive because lim-
its derived from X-ray polarization measurements benefit
from the significantly larger bandwidth [8, 9].
In order to obtain a better coverage of the sky, in
6TABLE I. Sources selected from the Steward Observatory spectropolarimetric monitoring project [13]. The second column lists
the highest observed polarization fraction during cycles 1–7 of the monitoring program. Coordinates have been obtained from
the SIMBAD database [33]. Individual references are given for the red shifts. The last two columns give the constraints on
birefringence due to Lorentz invariance violation derived from these observations.
Source Pmax RA Dec. Redshift ζ(5)max γmax
[%] J2000 [◦] J2000 [◦] z [1015GeV−2] [10−27GeV−1]
3C 454.3 18.83 343.491 +16.148 0.859 [34] 3.321 5.051
4C 14.23 20.32 111.320 +14.420 1.038 [35] 2.160 2.720
4C 28.07 30.30 39.468 +28.802 1.206 [35] 3.341 3.633
AO 0235+164 39.79 39.662 +16.616 0.940 [36] 4.225 5.871
B2 1633+382 27.26 248.815 +38.135 1.813 [37] 4.119 3.055
B2 1846+32A 28.88 282.092 +32.317 0.800 [35] 19.14 31.28
B3 0650+453 16.16 103.599 +45.240 0.928 [35] 200.5 282.3
B3 1343+451 10.07 206.388 +44.883 2.534 [35] 1.480 0.819
BZU J0742+5444 21.73 115.666 +54.740 0.723 [38] 9.999 18.11
CTA 26 26.21 54.879 −1.777 0.852 [39] 8.101 12.42
CTA 102 23.97 338.152 +11.731 1.037 [40] 15.55 19.60
MG1 J123931+0443 33.61 189.886 +4.718 1.760 [37] 14.62 11.14
OJ 248 18.09 127.717 +24.183 0.941 [37] 14.38 19.95
PKS 0420-014 28.67 65.816 −1.343 0.916 [41] 1.875 2.673
PKS 0454-234 35.27 74.263 −23.414 1.003 [34] 2.732 35.58
PKS 0502+049 17.59 76.347 +4.995 0.954 [42] 106.9 146.3
PKS 0805-077 28.27 122.065 −7.853 1.837 [34] 11.35 8.319
PKS 1118-056 22.54 170.355 −5.899 1.297 [34] 243.0 246.3
PKS 1124-186 10.49 171.768 −18.955 1.048 [36] 2.705 3.375
PKS 1244-255 13.97 191.695 −25.797 0.638 [34] 8.194 16.87
PKS 1441+252 37.70 220.987 +25.029 0.939 [35] 0.622 0.865
PKS 1502+106 45.16 226.104 +10.494 1.839 [37] 6.946 5.086
PKS 2032+107 12.36 308.843 +10.935 0.601 [35] 409.1 895.9
PMN J2345-1555 32.69 356.302 −15.919 0.621 [35] 3.550 7.516
S4 1030+61 37.71 158.464 +60.852 1.400 [37] 5.786 5.450
SDSS J084411+5312 18.72 131.049 +53.214 3.704 [37] 13.46 5.474
Ton 599 33.16 179.883 +29.246 0.724 [37] 2.007 3.628
particular in the southern hemisphere, we also used
spectrally integrated polarization results catalogued in
Ref. [22], as well as optical GRB polarization measure-
ments [23–32]. From the catalog [22] we selected 36
sources for which polarization was measured with at least
5σ significance. When choosing GRB afterglow polar-
ization measurements from the literature, we required a
3σ or greater significance. Following the procedure de-
scribed in Section III B, we use the curve for the appro-
priate filter in Fig. 3 (bottom) to find the largest value
of ζ(5)k that may result in a polarization Pmax ≥ Pk−2σk
for each measurement of a polarization fraction Pk. The
results and the corresponding limits on γk according to
Eq. (17) are shown in Tables II and III.
Figure 6 shows the distribution of all limits on γk ob-
tained in this analysis. As expected, the spectropolari-
metric measurements are most constraining since the ro-
tation of the polarization can be observed directly. Spec-
trally integrated polarization measurements, on the other
hand, only allow one to deduce an upper limit on the
possible rotation. The values in this table can be com-
pared directly with previously published limits as listed
in [2]. While limits derived from x-ray polarization mea-
surements are about 7 orders of magnitude lower than the
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FIG. 6. Distribution of all limits γk from Tables I–III. The
values can be compared directly to those listed in Ref. [2]. As
expected, spectropolarimetric are more sensitive than mea-
surements in which only the spectrally integrated net polar-
ization is considered.
ones obtained here, the significance of the underlying po-
larization measurements is much lower than that of the
optical polarization measurements used here. Our lim-
its are more constraining than those derived from CMB
polarization measurements, and they are systematically
7TABLE II. Sources observed by Sluse et al. [22], including the coordinates and redshifts listed in the reference. All observations
were made using the EFOSC2 instrument.
Source RA Dec. Redshift Polarization ζ(5)max γmax
J2000 [◦] J2000 [◦] z [%] [1018GeV−2] [10−24GeV−1]
SDSS J0242+0049 40.591 +0.820 2.071 1.47(24) 4.3 2.83
FIRST03133+0036 48.328 +0.606 1.250 1.48(29) 4.4 4.62
FIRST J0809+2753 122.256 +27.895 1.511 1.75(20) 3.9 3.42
PG 0946+301 147.421 +29.922 1.220 1.65(19) 4.0 4.30
PKS 1124-186 171.768 −17.045 1.048 11.68(36) 1.2 1.50
He 1127-1304 172.583 −12.653 0.634 1.32(13) 4.2 8.70
2QZ J114954+0012 177.479 +0.215 1.596 1.57(22) 4.1 3.42
SDSS J1206+0023 181.615 +0.393 2.331 0.94(15) 4.9 2.91
SDSS J1214-0001 183.673 +0.027 1.041 2.40(32) 3.5 4.39
PKS 1219+04 185.594 +4.221 0.965 5.56(15) 2.2 2.98
PKS 1222+037 186.218 +3.514 0.960 2.51(22) 3.3 4.49
TON 1530 186.364 +22.587 2.058 0.92(14) 4.9 3.25
SDSS J1234+0057 188.616 +0.966 1.532 1.35(23) 4.4 3.81
PG 1254+047 194.250 +4.459 1.018 0.84(15) 5.1 6.55
PKS 1256-229 194.785 −22.823 1.365 22.32(15) 1.0 0.97
SDSS J1302-0037 195.534 +0.626 1.672 1.37(20) 4.3 3.43
PKS 1303-250 196.564 −24.711 0.738 0.91(17) 5.0 8.87
FIRST J1312+2319 198.056 +23.333 1.508 1.10(16) 4.6 4.04
SDSS J1323-0038 200.769 +0.649 1.827 1.13(21) 4.7 3.46
CTS J13.07 205.518 −17.700 2.210 0.83(15) 5.1 3.17
SDSS J1409+0048 212.328 +0.807 1.999 3.91(28) 2.6 1.77
HS 1417+2547 215.055 +25.568 2.200 1.03(18) 4.8 3.00
FIRST J1427+2709 216.765 +27.161 1.170 1.35(25) 4.5 5.04
FIRST J21079-0620 316.990 −5.664 0.644 1.12(22) 4.8 9.79
SDSS J2131-0700 322.912 −6.996 2.048 1.78(32) 4.1 2.73
PKS 2204-54 331.932 −52.224 1.206 1.81(26) 3.9 4.24
PKS 2227-445 337.735 −43.725 1.326 5.26(48) 2.4 2.38
PKS 2240-260 340.860 −24.258 0.774 14.78(21) 1.1 1.86
PKS 2301+06 346.118 +6.336 1.268 3.69(26) 2.7 2.80
SDSS J2319-0024 349.995 +0.414 1.889 1.85(30) 4.0 2.86
PKS 2320-035 350.883 −2.715 1.411 9.56(20) 1.2 1.12
PKS 2332-017 353.835 −0.481 1.184 4.86(19) 2.3 2.55
PKS 2335-027 354.489 −1.484 1.072 3.55(30) 2.9 3.54
SDSS J2352+0105 358.159 +1.098 2.156 1.59(26) 4.2 2.67
SDSS J2356-0036 359.120 +0.601 2.936 1.81(34) 4.1 2.01
QSO J2359-12 359.973 −11.303 0.868 4.12(20) 2.5 3.76
TABLE III. Optical GRB measurements.
Source Instrument RA Dec. Redshift Polarization ζ(5)max γmax Refs.
J2000 [◦] J2000 [◦] z [%] [1018GeV−2] [10−24GeV−1]
GRB 990510 FORS1 R-band 204.532 −80.497 1.619 1.6 ± 0.2 7.00 5.76 [24]
GRB 990712 FORS1 R-band 337.971 −73.408 0.430 2.9 ± 0.4 5.50 17.0 [25]
GRB 020813 FORS1 V-band 296.674 −19.601 1.25 1.42± 0.25 4.60 4.83 [28]
GRB 021004 NOT/ALFOSC 6.728 +18.928 2.330 2.1 ± 0.6 7.50 4.46 [26]
GRB 030329 NOT/ALFOSC 161.208 +21.522 0.169 2.4 ± 0.4 6.30 51.6 [27]
GRB 090102 RINGO 128.248 +33.107 1.547 10.2 ± 1.3 1.30 1.12 [29]
GRB 091018 FORS2 32.192 −57.55 0.97 3.25± 0.35 7.55 1.02 [30]
GRB 091208B HOWPol 29.410 16.881 1.06 10.4 ± 2.5 7.30 9.00 [31]
GRB 121024A FORS2 70.467 −12.268 2.298 4.83± 0.20 5.95 3.58 [32]
8TABLE IV. Limits at the 95 % confidence level on all inde-
pendent SME parameters k(5)(V )jm obtained in this analysis in
GeV−1. The dependent parameters k(5)(V )j−m can be calcu-
lated according to Eq. (5).
|k(5)(V )00| < 5.0× 10−26
|k(5)(V )10| < 6.5× 10−26
|Re(k(5)(V )11)| < 7.8× 10−27
| Im(k(5)(V )11)| < 2.9× 10−26
|k(5)(V )20| < 3.0× 10−26
|Re(k(5)(V )21)| < 7.5× 10−27
| Im(k(5)(V )21)| < 2.4× 10−26
|Re(k(5)(V )22)| < 2.1× 10−26
| Im(k(5)(V )22)| < 1.7× 10−26
|k(5)(V )30| < 2.1× 10−26
|Re(k(5)(V )31)| < 1.4× 10−26
| Im(k(5)(V )31)| < 1.0× 10−26
|Re(k(5)(V )32)| < 8.3× 10−27
| Im(k(5)(V )32)| < 1.4× 10−26
|Re(k(5)(V )33)| < 9.7× 10−27
| Im(k(5)(V )33)| < 5.8× 10−27
independent.
Using the method described in Section III C, we calcu-
lated the covariance matrix of the 16 real components of
the k(5)(V )jm, Eq. (19). The diagonal components of this
matrix result in the 95 % confidence level limits listed in
Table IV. The constraints on all parameters are equiva-
lent to a lower limit on the energy where Lorentz invari-
ance is violated significantly that exceeds EP by more
than 6 orders of magnitude.
V. SUMMARY
In the Standard-Model Extension (SME), Lorentz in-
variance violating effects are described by adding addi-
tional terms to the Standard Model Lagrangian. These
terms can be ordered by the mass dimension d of the
corresponding operator. Operators of odd dimension
are CPT-odd, and operators with even d are CPT-even.
Since terms of d ≤ 4 are not suppressed by positive
powers of E/EP , the leading order of interest for most
Lorentz and CPT violation searches is d = 5. Operators
of this dimension lead to an energy dependent vacuum
dispersion and vacuum birefringence. In general, these
effects can be anisotropic, and a spherical decomposition
results in 16 complex coefficients at mass dimension d = 5
described by 16 real parameters.
We analyzed optical spectropolarimetry data from 27
AGN to derive constraints on vacuum birefringence. We
derived an additional set of constraints from spectrally
integrated polarization measurements from 36 AGN and
afterglows of 9 GRBs. Using multiple sources in the sky
allows us to perform a spherical decomposition of the LIV
constraints and, thus, to constrain the 16 parameters of
the SME photon sector at d = 5. The results are listed
in Table IV.
All parameters are constrained at the order of a few
10−26GeV−1 or better corresponding to a lower limit on
the energy scale at which there may be significant Lorentz
invariance or CPT violation of 106EP . Since the Planck
mass is considered an upper limit on the relevant energy
scale for quantum gravity in most scenarios, our results
severly constrain any theory that predicts an isotropic
or anisotropic vacuum birefringence that is quadratic in
photon energy. Furthermore, according to the SME, the-
ories that cause a variation of the speed of light that is
linear with photon energy are severly constrained. This
statement holds for all theories whose low-energy effects
can be described by an effective field theory.
Tighter constraints than those presented here have
been derived from x-ray polarization measurements of
GRBs. However, those measurements suffer from low
statistical significance and large systematic uncertainties.
Furthermore, our results for the first time constrain all
16 parameters at d = 5 individually. Our results are
compatible with those found in CMB polarization mea-
surements, but systematically different.
The methods developed here can be used directly to
constrain the birefringent parameters k(4)(E)jm and k
(4)
(B)jm.
At higher order, however, gamma-ray polarization mea-
surements are necessary. For example, at d = 6 it is nec-
essary to measure polarization of E ' 100 MeV photons
to constrain the birefringent parameters at the Planck
scale [7]. This might be achievable with next-generation
Compton and pair-production telescopes (e. g. [43, 44]).
ACKNOWLEDGEMENTS
We would like to thank Alan Kostelecký, Matthew
Mewes, Stefano Covino, Jim Buckley, Floyd Stecker,
Paul Smith, and Manel Errando for fruitful discus-
sions. We are also very thankful to the anony-
mous referee for the insightful comments and ques-
tions. The authors are grateful for funding from
NASA Grant NNX14AD19G and DOE Grant DE-
FG02-91ER40628. Data from the Steward Observa-
tory spectropolarimetric monitoring project were used,
which is supported by Fermi Guest Investigator grants
NNX08AW56G, NNX09AU10G, NNX12AO93G, and
NNX15AU81G. Furthermore, we made use of the SIM-
BAD database, operated at CDS, Strasbourg, France.
9[1] A. A. Michelson and E. W. Morley, Phil. Mag. 24, 449
(1887).
[2] V. A. Kostelecký and N. Russell, Rev. Mod. Phys. 83, 11
(2011), updated at arXiv:0801.0287v9 [hep-ph] (2016).
[3] G. Amelino-Camelia, J. R. Ellis, N. E. Mavromatos,
et al., Nature 393, 763 (1998), arXiv:astro-ph/9712103;
L. J. Garay, Phys. Rev. Lett. 80, 2508 (1998), arXiv:gr-
qc/9801024; R. Gambini and J. Pullin, Phys. Rev.
D 59, 124021 (1999), arXiv:gr-qc/9809038; D. Mat-
tingly, Living Rev. Relativity 8, 5 (2005), Online Arti-
cle: cited 11/26/2014, http://www.livingreviews.org/
lrr-2005-5; T. Jacobson, S. Liberati, and D. Mattingly,
Annals Phys. 321, 150 (2006), arXiv:astro-ph/0505267;
S. Liberati and L. Maccione, Annu. Rev. Nucl. Part. Sci.
59, 245 (2009), arXiv:0906.0681 [astro-ph.HE].
[4] V. A. Kostelecký and M. Mewes, Astrophys. J. Lett. 689,
L1 (2008), arXiv:0809.2846.
[5] V. A. Kostelecký and M. Mewes, Phys. Rev. D 80, 015020
(2009), arXiv:0905.0031 [hep-ph].
[6] D. Colladay and V. A. Kostelecký, Phys. Rev. D 55, 6760
(1997), arXiv:hep-ph/9703464; Phys. Rev. D 58, 116002
(1998), arXiv:hep-ph/9809521; V. A. Kostelecký, Phys.
Rev. D 69, 105009 (2004), arXiv:hep-th/0312310.
[7] F. Kislat and H. Krawczynski, Phys. Rev. D 92, 045016
(2015), arXiv:1505.02669 [astro-ph.HE].
[8] V. A. Kostelecký and M. Mewes, Phys. Rev. Lett. 110,
201601 (2013), arXiv:1301.5367 [astro-ph.HE].
[9] K. Toma, S. Mukohyama, D. Yonetoku, et al., Phys.
Rev. Lett. 109, 241104 (2012), arXiv:1208.5288 [astro-
ph.HE]; P. Laurent, D. Götz, P. Binétruy, S. Covino,
and A. Fernandez-Soto, Phys. Rev. D 83, 121301 (2011),
arXiv:1106.1068 [astro-ph.HE]; F. W. Stecker, As-
tropart. Phys. 35, 95 (2011), arXiv:1102.2784 [astro-
ph.HE].
[10] G. Gubitosi, L. Pagano, G. Amelino-Camelia, A. Mel-
chiorri, and A. Cooray, J. Cosmol. Astropart. Phys.
8, 021 (2009), arXiv:0904.3201 [astro-ph.CO]; V. A.
Kostelecký and M. Mewes, Physical Review Letters 99,
011601 (2007), astro-ph/0702379.
[11] A. A. Abdo, M. Ackermann, M. Ajello, et al., Nature
462, 331 (2009).
[12] G. Amelino-Camelia, Symmetry 2, 230 (2010) and refer-
ences therein.
[13] P. S. Smith, E. Montiel, S. Rightley, J. Turner,
G. D. Schmidt, and B. T. Jannuzi, Proc. 2009
Fermi Symposium, eConf Proc. C091122 (2009), see
also http://james.as.arizona.edu/~psmith/Fermi/,
arXiv:0912.3621 [astro-ph.HE].
[14] M. Ackermann, M. Ajello, W. B. Atwood, et al., Astro-
phys. J. 810, 14 (2015), arXiv:1501.06054 [astro-ph.HE].
[15] “RINGO,” http://telescope.livjm.ac.uk/TelInst/
Inst/RINGO/ (), accessed: 11/23/2015; “RINGO2,”
http://telescope.livjm.ac.uk/TelInst/Inst/
RINGO2/ (), accessed: 11/23/2015.
[16] “SVO Filter Profile Service,” http://svo2.cab.
inta-csic.es/svo/theory/fps3/index.php?&mode=
browse&gname=NOT&gname2=ALFOSC&all=0, accessed:
11/23/2015.
[17] K. O’Brien, G. Marconi, and C. Dumas, Very Large Tele-
scope Paranal Science Operations FORS User Manual ,
Tech. Rep. VLT-MAN-ESO-13100-1543, Version 82.1
(European Southern Observatory, Garching, Germany,
2008).
[18] H. Boffin, C. Dumas, and A. Kaufer, Very Large Tele-
scope Paranal Science Operations FORS2 User Manual ,
Tech. Rep. VLT-MAN-ESO-13100-1543, Version 96.0
(European Southern Observatory, Garching, Germany,
2015).
[19] G. K. T. Hau and F. Patat, EFOSC2 User’s Man-
ual , Tech. Rep. LSO-MAN-ESO-36100-0004, Version 2.0
(European Southern Observatory, Garching, Germany,
2003).
[20] K. S. Kawabata, O. Nagae, S. Chiyonobu, et al., in
Ground-based and Airborne Instrumentation for Astron-
omy II , Proc. SPIE, Vol. 7014 (2008) p. 70144L.
[21] C. Patrignani, K. Agashe, G. Aielli, et al. (Particle Data
Group), Chin. Phys. C40, 100001 (2016).
[22] D. Sluse, D. Hutsemékers, H. Lamy, R. Cabanac,
and H. Quintana, Astron. Astrophys. 433, 757 (2005),
astro-ph/0507023; VizieR Online Data Catalog
J/A+A/343/757 (2005).
[23] S. Covino and D. Götz, Astron. Astrophys. Trans. 29,
205 (2016), arXiv:1605.03588 [astro-ph.HE].
[24] R. A. M. J. Wijers, P. M. Vreeswijk, T. J. Galama, et al.,
Astrophys. J. Lett. 523, L33 (1999), astro-ph/9906346;
S. Covino, D. Lazzati, G. Ghisellini, et al., Astron. As-
trophys. 348, L1 (1999), astro-ph/9906319; IAU Circ.
7172, 3 (1999).
[25] E. Rol, R. A. M. J. Wijers, P. M. Vreeswijk, et al., As-
trophys. J. 544, 707 (2000), astro-ph/0007015.
[26] E. Rol, R. A. M. J. Wijers, J. P. U. Fynbo, et al., Astron.
Astrophys. 405, L23 (2003), astro-ph/0305227.
[27] J. Greiner, S. Klose, K. Reinsch, et al., Nature 426, 157
(2003), astro-ph/0311282.
[28] J. Gorosabel, E. Rol, S. Covino, et al., Astron. Astrophys.
422, 113 (2004), astro-ph/0309748; A. J. Barth, R. Sari,
M. H. Cohen, et al., Astrohpys. J. Lett. 584, L47 (2003),
astro-ph/0212554.
[29] I. A. Steele, C. G. Mundell, R. J. Smith,
S. Kobayashi, and C. Guidorzi, Nature 462, 767
(2009), arXiv:1010.1255 [astro-ph.HE]; L. Amati,
F. Frontera, and C. Guidorzi, Astron. Astrophys. 508,
173 (2009), arXiv:0907.0384 [astro-ph.HE].
[30] K. Wiersema, P. A. Curran, T. Krühler, et al., Mon. Not.
Royal Astron. Soc. 426, 2 (2012), arXiv:1203.4265.
[31] T. Uehara, K. Toma, K. S. Kawabata, et al., Astrophys.
J. Lett. 752, L6 (2012), arXiv:1205.2149 [astro-ph.HE].
[32] K. Wiersema, S. Covino, K. Toma, et al., Nature 509,
201 (2014), arXiv:1410.0489 [astro-ph.HE].
[33] M. Wenger et al., Astron. Astrophys. Suppl. Ser. 143, 9
(2000), arXiv:astro-ph/0002110.
[34] W. A. Barkhouse and P. B. Hall, Astron. J. 121, 2843
(2001), astro-ph/0101270.
[35] M. S. Shaw, R. W. Romani, G. Cotter, S. E. Healey, P. F.
Michelson, A. C. S. Readhead, J. L. Richards, W. Max-
Moerbeck, O. G. King, and W. J. Potter, Astrophys. J.
748, 49 (2012), arXiv:1201.0999 [astro-ph.HE].
[36] L. S. Mao, New Astron. 16, 503 (2011).
[37] K. N. Abazajian, J. K. Adelman-McCarthy, M. A.
Agüeros, S. S. Allam, C. Allende Prieto, D. An, K. S. J.
Anderson, S. F. Anderson, J. Annis, N. A. Bah-
call, et al., Astrophys. J. Suppl. 182, 543-558 (2009),
10
arXiv:0812.0649.
[38] J. P. Halpern, M. Eracleous, and J. R. Mattox, Astron.
J. 125, 572 (2003).
[39] K. Enya, Y. Yoshii, Y. Kobayashi, T. Minezaki, M. Sug-
anuma, H. Tomita, and B. A. Peterson, Astrophys. J.
Suppl. Ser. 141, 23 (2002), astro-ph/0204009.
[40] D. Donato, G. Ghisellini, G. Tagliaferri, and G. Fossati,
Astron. Astrophys. 375, 739 (2001), astro-ph/0105203.
[41] D. H. Jones, M. A. Read, W. Saunders, M. Colless,
T. Jarrett, Q. A. Parker, A. P. Fairall, T. Mauch, E. M.
Sadler, F. G. Watson, et al., Mon. Not. Royal Astron.
Soc. 399, 683 (2009), arXiv:0903.5451.
[42] Y. Y. Kovalev, N. A. Nizhelsky, Y. A. Kovalev, A. B.
Berlin, G. V. Zhekanis, M. G. Mingaliev, and A. V.
Bogdantsov, Astron. Astrophy. Suppl. 139, 545 (1999),
astro-ph/0408264.
[43] S. D. Hunter, P. F. Bloser, G. O. Depaola, et al., As-
tropart. Phys. 59, 18 (2014), arXiv:1311.2059 [astro-
ph.IM].
[44] A. A. Moiseev et al., ArXiv e-prints (2015),
arXiv:1508.07349 [astro-ph.IM].
